Objective: The purpose of this study was to investigate the distribution of the A986S and R990G polymorphisms of the calcium-sensing receptor (CASR) gene in the Chinese population and whether there is an association between genetic variants and the risk of developing primary hyperparathyroidism (PHPT) and its associated clinical phenotypes. Methods: A total of 164 Chinese Han PHPT patients (M/F: 51/113) and 230 healthy controls (M/F: 50/180) were enrolled. The common clinical parameters of PHPT patients including biochemical markers, bone mineral density (BMD), kidney stone occurrence, and pathology results were analyzed. Genotyping was conducted for both the patients and controls, and it was carried out using standard procedures. Results: The R990G variant was more frequently present than the A986S variant in this group of Chinese PHPT patients. The R allele increased the risk of PHPT (odds ratioZ1.134, 95% CI: 1.008, 1.277, and PZ0.036). Patients with either the RR or RG genotype had lower blood calcium levels and higher alkaline phosphate levels than patients with the GG genotype. The lumbar BMD T-score was K2.20 (K2.63, K0.32) in patients with the GG genotype, and it was significantly lower in patients with the RRCRG genotype (K2.53 (K3.70, K1.72) PZ0.036). Patients with the R allele had a significantly higher incidence of hyperplasia (25.0%) and carcinomas (7.1%) than those with the GG genotype (5.3 and 0% respectively; PZ0.025). The prevalence of osteoporosis and parathyroid carcinomas was higher in Chinese PHPT patients with the R allele. Conclusion: The R990G polymorphism is most frequently present in the Chinese population and among patients with PHPT. Additional studies in the Chinese population are needed to elaborate the relationship between genetics and PHPT.
Introduction
Primary hyperparathyroidism (PHPT) is characterized by excessive endogenous parathyroid hormone (PTH) secretion primarily due to parathyroid adenomas or hyperplasia and, in rare cases, carcinomas. Interestingly, the clinical manifestation and severity of PHPT vary markedly. The variation in PHPT presentation has been reported to be associated with genetic variation of the vitamin D receptor, estrogen receptor, PTH, and calcium-sensing receptor (CASR) (1, 2, 3) .
CASR is a G-protein-coupled receptor expressed in the membrane of parathyroid chief cells, renal tubular epithelial cells, and many other tissues and cells. CASR plays an important role in the maintenance of calcium homeostasis, by sensing the extracellular calcium concentration, regulating PTH secretion, and decreasing renal tubular calcium reabsorption (4) . In addition, CASR can influence intestinal calcium absorption (5) and bone remodeling (6, 7) . Three clustered singlenucleotide polymorphisms (SNPs) have been described for exon 7 encoding the intracellular domain of CASR. The SNPs are as follows: i) a guanine/thymine substitution at codon 986, which leads to the A986S (Ala986Ser) protein variant; ii) an adenine/guanine substitution at codon 990, which leads to the R990G (Arg990Gly) protein variant; and iii) a cytosine/ guanine substitution at codon 1011, which leads to the Q1011E (Gln1011Glu) protein variant. The impact of these amino acid changes on the function of CASR is not well defined. To date, inconsistent results suggesting that the A968S and R990G polymorphisms are associated with mild changes in plasma calcium, phosphate, PTH, alkaline phosphate (ALP), and urinary calcium concentrations have been reported (8, 9) . There are very few studies to date that have addressed CASR gene polymorphisms in Chinese patients with PHPT.
Kidney stones, or calcification, are common in PHPT patients, but they do not necessarily occur in every patient. Some studies have attempted to investigate the association between CASR gene variants and urinary calcium excretion. Unfortunately, the results have been inconsistent. In one study, an association was detected between urinary calcium excretion and the R990G variant in patients with nephrolithiasis but without PHPT, which suggests that CASR could be a genetic factor regulating calcium excretion (10) . By contrast, another study did not find any association between CASR variants and idiopathic hypercalciuria and calcium nephrolithiasis in a French Canadian patient population (11) . Limited studies have been carried out regarding the association of the CASR R990G and A986S polymorphisms with osteoporosis or other pathology in PHPT patients. Furthermore, a congeneric CASR genotype-phenotype study in the Chinese population has not been carried out.
The primary objective of this study was to investigate the distribution of the CASR gene A986S, R990G, and Q1011E polymorphisms in Chinese patients with PHPT compared with healthy controls. The secondary objective was to evaluate whether there was an association between genetic polymorphisms and the clinical symptoms of PHPT with an emphasis on kidney stone formation, osteoporosis, and pathology.
Subjects and methods

Subjects
Patients with PHPT were recruited from the endocrinology clinic at the Peking Union Medical College Hospital (PUMCH) from October 1983 to May 2009. A total of 452 Chinese patients with sporadic PHPT were followed up at the PUMCH during that time. Of these, 164 unrelated Chinese PHPT patients (113 females and 51 males) agreed to participate in the study and provided whole-blood and serum samples. The mean age of the participants at the initial presentation was 47G16 years (range: 13-82). A PHPT diagnosis was made based on elevated total serum calcium and/or ionized plasma calcium levels in the presence of elevated or inappropriate normal serum PTH levels. The diagnosis was confirmed histologically in 131 patients. None of the patients had a familial history suggestive of PHPT or had characteristics of familial benign hypocalciuric hypercalcemia, multiple endocrine neoplasia syndrome, or hyperparathyroidism-jaw tumor (HPT-JT) syndrome.
Nephrolithiasis was detected in 42.7% of the patients through imaging (X-ray plain film, CT scanning, or ultrasound imaging). Healthy controls were recruited from the health examination center at PUMCH. Age-matched healthy controls (nZ230; 180 females and 50 males) of Chinese Han nationality were selected using the following criteria: i) no personal or family history of kidney stones; ii) normal serum creatinine, calcium, and phosphate levels; and iii) no use of medication that could impact bone metabolism.
This study conformed to the Declaration of Helsinki and was approved by the local ethics committee. All the participants were required to provide informed consent prior to participating in the study.
Laboratory tests
Fasting venous blood samples were obtained from all the patients to assess the biochemical markers of PHPT. The participants did not have any dietary restrictions. Serum intact PTH, total calcium, phosphate, ALP, and creatinine concentrations were measured at the PUMCH central clinical laboratory using standard methods. Heparinized blood samples were used to measure plasma ionized calcium concentration using the potentiometric method (Bayer 634 PHC/Ca 2C ) within 30 min of blood collection. Serum intact PTH concentration was measured using chemiluminoimmunoassay (Siemens Immulite 2000, Marburg, Germany). The intra-and inter-assay variability was !5.0 and 5.5% respectively. Urinary calcium and phosphate concentrations were measured using 24-h urine samples. An ultrasound examination of the urinary tract was carried out in all the patients. The bone mineral density (BMD) of the lumbar spine and the proximal femur was measured using dual-energy X-ray absorptiometry.
Genotyping of CASR gene A986S, R990G, and Q1011E polymorphisms Blood genomic DNA was extracted by means of standard procedures. The CASR gene was amplified by PCRs. PCRs were carried out using a 50 ml reaction mixture containing 0.5 mg DNA, 25 pmol of each primer, and 2.5U Taq DNA polymerase AmpliTaq (Quan Shi Jin Company, Beijing, China). The reaction mixtures were amplified under the following cycles: initial denaturation at 94 8C for 5 min, followed by 30 cycles at 95 8C for 1 min, 58 8C for 1 min, 72 8C for 1 min, and a final extension step at 72 8C for 10 min. The primers were F: 5 0 -AAGAGCAACAGCGAAGACCC-3 0 and R: 5 0 -CTCCACCACTGATGACAAAGC-3 0 . Direct sequencing of the PCR products was carried out using the Taq BigDye Terminator Sequencing Kit and an ABI3730 automated sequencer (Applied Biosystems). Sequencing was carried out in duplicate. Both the sense and anti-sense strands were sequenced. Sequences generated from the patients were compared with the published CASR sequence (NCBI reference: A986S: rs1801725; R990G: rs1042636; and Q1011E: rs1801726).
Statistical analyses
Linkage and Hardy-Weinberg disequilibria were assessed using the Genetic Data Analysis program (computer program for the analysis of allelic data). Quantitative data with a normal distribution are reported as meansGS.D. For normally distributed data, the Student's t-test was used to compare the quantitative difference between the two groups. Data that were not normally distributed are reported as medians and interquartile ranges (25th percentile and 75th percentile). Nonparametric tests were used to analyze non-normally distributed data. The c 2 test was used to evaluate whether there were significant differences in the frequencies of allele genotypes between the patients and controls, patients with or without kidney stones or calcification, and patients with different pathological results. A binary logistic regression analysis was carried out to determine whether gender and/or gene polymorphisms could predict the occurrence of nephrolithiasis and osteoporosis. Spearman's correlation analysis was used to evaluate whether an association existed between genotypes and the biochemical parameters, nephrolithiasis, and BMD. The unadjusted odds ratios (ORs) for the presence of the R990G and A986S genotypes in PHPT patients and controls were calculated. A 95% CI was calculated for the summary OR. In addition, we applied a logistic regression approach as implemented in the R package SNPassoc (12) to determine the genotype and phenotype association, and significant associations were assessed using Bonferroni P value correction.
Two-tailed P value !0.05 was considered statistically significant. P!0.025 and P!0.016 were considered statistically significant when determining the association between the allele and haplotype and phenotype after Bonferroni P value correction. All analyses were carried out using the SPSS version 13.0 statistical package and R package SNPassoc (12) . Table 1 Clinical characteristics of the enrolled patients and the general PHPT patient populations. There was no significant difference in the pathological, clinical, and biochemical characteristics between the 164 recruited and total PHPT patients followed up.
Recruited (nZ164)
Total ( 
Results
To establish that the patient cohort sampled for this study reflects the general PHPT population in China, the biochemical markers and pathology of the enrolled patients (nZ164) were compared with those of the total patients (nZ452) followed up by the PUMCH. In the 164 enrolled patients selected from the total patients (nZ452), the average serum calcium and ionized calcium concentrations were 11.8G1.26 mg/dl and 1.82G0.44 mmol/l respectively. 
Frequency of CASR polymorphisms
The genotype frequencies of the two CASR gene loci A986S and R990G are given in Table 2 . The genotype distribution was consistent with the Hardy-Weinberg equilibrium in both the controls and PHPT patients. In both the PHPT patients and controls, the R990G variant was more frequently present than the A986S variant. Within the R990G variant-containing population, the frequency of the homozygous RR genotype was 16.3%, that of the heterozygous RG genotype was 57.0%, and that of the homozygous GG genotype was 26.7% for the PHPT patients. In the control population, the frequency of the homozygous RR genotype was 26.5%, that of the heterozygous RG genotype was 51.8%, and that of the homozygous GG genotype was 21.7%. The combined frequency of the RR and RG genotypes was significantly higher in the PHPT patients than in the controls (ORZ1.259, 95% CI: 1.060-1.459, and PZ0.017). Similarly, the R allele was more frequently present in the PHPT patients than in the controls (ORZ1.134, 95% CI: 1.008-1.277, and PZ0.036). Our association analysis showed that the R990G variant might be significantly associated with PHPT based on a recessive genetic model (PZ0.017) after Bonferroni correction ( Fig. 1 and Table 3 ). Within the A986S variant-containing population, the frequencies of each genotype in the PHPT patients and controls were compared. In PHPT patients with the A986S allele, 92.1% were AA homozygotes. The frequency of the heterozygous AS genotype was 7.3% and that of the homozygous SS genotype was 0.6%. In the healthy controls, the frequency of the homozygous AA genotype was 93.5% and that of the heterozygous AS genotype was 6.5%, and no controls homozygous for the SS genotype were detected. There were no significant differences in the genotype and allele frequencies of the A986S variant between the controls and PHPT patients.
Only one PHPT patient was found to have the Gln1011Glu (QE) genotype. All the other patients had Figure 1 Results of the association between genotypes and PHPT for the case-control study. A logistic regression approach was applied as implemented in the R package SNPassoc to determine the genotype and phenotype association, and significant associations were assessed using Bonferroni P value correction. The Klog P values for the A980S and R990G variants with putative associations are shown for each of the genetic modes. The R990G variant appears to have a significant association with PHPT based on a recessive genetic model (PZ0.017).
the Gln1011 (QQ) genotype. Therefore, owing to the extremely low frequency of variation, the Q1011E SNP was not analyzed further.
SNP haplotype analysis in PHPT
Further haplotype analysis was carried out to determine the combined effect of these two SNPs on the clinical characteristics of PHPT. Compared with that in patients with the Ala986, Arg990 homozygotes (AR/AR), in patients with the SR/AR or SR/SR genotype, the prevalence of PHPT was low (ORZ0.299, 95% CI: 0.099-0.908, and PZ0.028), and in patients with the AG/AR or AG/AG genotype, the prevalence of PHPT was also low (ORZ0.558, 95% CI: 0.334-0.933, and PZ0.025). However, the difference was not significant after Bonferroni P value correction (P!0.016).
Association between genotypes and phenotypes in PHPT Biochemical markers of PHPT In light of the correlation between the CASR R990G polymorphism and PHPT, the association between the clinical characteristics of PHPT and the different genotypes was analyzed. The results are given in Table 4 . After adjusting for serum creatinine concentration and gender, total serum calcium (PZ0.019) and plasma ionized calcium (PZ0.01) concentrations were significantly higher in patients with the GG genotype than in those with either the RR or RG genotype. However, the elevation of ALP levels was significantly less in patients with the GG genotype compared with that in patients with the RRCRG genotype (PZ0.04). No significant differences were observed in the serum phosphate, PTH, and urinary calcium excretion scores between patients with the R allele (combined genotypes RRCRG) and those with a homozygous G allele. However, Spearman's correlation analysis did indicate that the R990G variant was associated with serum PTH levels (rZK0.19 and PZ0.002) and serum phosphate levels (rZ0.294 and PZ0.002). No associations were detected between the measured clinical characteristics and the genotypes of A986S.
Skeletal involvement and BMD To investigate the relationship between CASR polymorphisms and BMD in PHPT patients, we compared the BMD of the lumbar spine and that of the hip in patients with different genotypes. Patients with the R allele (RRCRG) had a significantly lower T-score for the BMD of the lumbar spine (L2-L4) than those homozygous for the GG allele (median: K2.53 (IQ range: K3.70, K1.72) vs median: K2.20 (IQ range: K2.63, K0.32); PZ0.036). The T-score for the BMD of the hip also tended to be low in patients with the R allele, although the difference was not significant (Table 5) . Patients with the A986S Table 6 . A trend toward a higher prevalence of kidney stone formation/renal calcification was observed in patients with the R allele (RRCRG genotype) than in those with the GG allele (48.3 vs 37.0%, PZ0.671), but the difference was not significant. To investigate the independent factors contributing to kidney stone formation, a binary stepwise logistic regression analysis was utilized. The exploratory variables were as follows: R990G and A986S variants, gender, serum PTH level, serum calcium concentration, and urinary calcium level. The model indicated that serum PTH levels (ORZ0.962, 95% CI: 0.934-0.990, and PZ0.008) and calciuria (ORZ1.002, 95% CI: 1.000-1.004, and PZ0.027) were independent predictors of kidney stone formation.
Pathology Finally, the pathology of patients with the R allele (combined genotypes RRCRG) and that of the patients with the homozygous GG allele were compared. In patients with the GG genotype, the prevalence of adenomas was significantly higher than that in patients with the RRCRG genotype. The prevalence of hyperplasia and carcinomas was significantly higher in patients with the RRCRG genotype (PZ0.025). No significant differences were observed in the pathology of PHPT patients with the AA and ASCSS genotypes (Table 7) . Table 5 Comparison of the bone mineral density (T-score) in PHPT patients with different calcium-sensing receptor (CASR) genotypes. The T-score of the lumbar (L2-L4) BMD was significantly lower in the patients with the RRCRG genotype than in those with the GG genotype. The data are reported as medians (25th percentile and 75th percentile). The number of patients used in each analysis is reported (n). 
Discussion
Previously, in the Caucasian population, the A986S variant has been described to be the most frequent polymorphism among the CASR alleles A986S and R990G. The frequency of the A986S allele has been reported to be 12.4% in west Scotland (13), 16 .3% in Canada (14), 16 .7% in New Zealand (15), and 16.0% in Sweden (16) . By contrast, the results of the present study show that the R990G variant is more frequently present in the Chinese population. Furthermore, the ratio of the R allele was significantly higher in PHPT patients than in the healthy control population, 55.2 and 47.6% respectively. The frequency of the A986S allele was only 4.3% in the PHPT patients and 3.3% in the healthy controls. The allele frequencies reported herein are consistent with findings in Japanese populations, where the frequency of the R990G allele has been reported to be 40.4% (8) . The Q1011E variant has been reported to be much less frequent than the other two SNPs in the Caucasian population. The frequency of the Q1011E allele has been reported to be only 4.3% in Canadian postmenopausal women and 2.7% in Italian postmenopausal women (17) . This variant has been shown to be even more infrequent in the Chinese population and detected in only 0.3% of PHPT patients. Given that there is a higher prevalence of PHPT in Caucasian populations than in Asian populations (18, 19) , we hypothesized that differences in genetic factors were contributing to the diversity in disease susceptibility and severity. The present study confirmed that people with the R allele were more likely to develop PHPT. The frequency of the AR/AR haplotype was higher in this Chinese population, although the difference was not significant. By contrast, Scillitani et al. (3) found that there was a lower frequency of the AR haplotype in Italian PHPT patients than in controls (66.7 vs 71.9%). The results suggest that the resulting amino acid changes might decrease the inhibitory activity of the mutated receptor. This would render the parathyroid cells more prone to proliferation and eventually increase the risk of developing PHPT (20) . However, two subsequent studies carried out in German and Italian PHPT patients did not detect any positive correlations between the A986S or R990G variants and the risk of PHPT (9, 21) . The different conclusions drawn from the present study and the previous studies suggest that racial differences may influence the observed associations between genotypes and PHPT.
CASR is expressed in a variety of tissues, including the kidneys and bone. Extracellular calcium ions bind to the extracellular domain of CASR and inhibit the secretion of PTH to maintain serum calcium concentrations within the normal range. The CASR A986S variant has been found to be associated with both total and ionized calcium levels in healthy Caucasian and North American populations (14, 16, 21) . These studies have suggested that CASR polymorphisms may have a significant impact on serum calcium levels. In the present study, we found that blood calcium concentrations were significantly higher in PHPT patients homozygous for the G allele than in those with the R allele (RRCRG). There was also a trend toward higher serum PTH levels and lower serum phosphate levels in the RRCRG group than in the GG group. These results are similar to those of studies carried out in Japanese PHPT patients (8) . Furthermore, the CASR R990G variant has been found to be associated with total calcium and PTH levels in healthy young Han women in Beijing (22) . These results support that the CASR R990G variant might have a role in the control of serum calcium stability in the Chinese population.
Osteoporosis is a common manifestation of PHPT. Increasing evidence has suggested that CASR is expressed in stromal cell, preosteoclasts, mature osteoclasts, and various osteoblastic cell lines and may have an important function in bone cells (7, 23, 24, 25, 26) . ALP has been recognized as a bone turnover marker. Consistent with the Japanese studies (8) , PHPT patients with the R990 allele had higher ALP levels in the present study. Together, these two studies support that CASR polymorphisms might contribute to bone metabolism in PHPT patients. Furthermore, the T-score of the lumbar BMD was significantly lower in patients with the R allele (RRCRG genotype) than in those with the GG allele. This suggests that patients with the R990 allele might be susceptible to osteoporosis. However, an Italian cohort study did not reveal any correlation between the BMD of the spine or the femur and the prevalence of osteoporosis with R990G genotypes in PHPT patients (20) . Another study carried out in postmenopausal Italian women found no significant difference in the frequency distribution of any CASR allele between subjects with and without fragile fracture (17) . However, as we have noted, the ethnic difference may contribute to the discrepancy in the conclusions drawn in these studies. Additional ethnic-specific studies are necessary to reach a definite conclusion. In Italian populations, the R990G allele has been found to be associated with hypercalciuria in idiopathic calcium stone formers, osteoporotic women, and patients with PHPT (9, 10, 27) . In addition, the R990G SNP has been found to be associated with idiopathic nephrolithiasis in individuals of different ancestries including Canadian, Iranian, and European stone formers and the general population (28, 29, 30) . The same associations have also been found in Italian patients with PHPT (3, 9). In the Italian cohort studies, nephrolithiasis has reportedly been shown to be more common in PHPT patients with the RGCGG genotype than in the homozygous RR group, indicating that the R990G allele could be a predisposing factor for nephrolithiasis in PHPT (9) . Taking into account that CASR can inhibit tubular calcium reabsorption by acting directly on ion transport (31), the R990G variant could presumably change the sensitivity of CASR to calcium ions (32) . In the present study, urinary calcium excretion was higher in patients with the RRCRG genotype than in those with the GG genotype. In addition, the occurrence of kidney stones/calcification tended to be more common in PHPT patients with the RGCRR genotype, but the difference was not significant. The CASR R990G polymorphism was not an independent predictor of nephrolithiasis in this group of Chinese PHPT patients. The divergent results between the present study and previous studies may partly be explained by the different race of the patients. Furthermore, nephrolithiasis was defined only by imaging identification in the present study. In contrast to previous studies, patients who had a history of stone expulsions were not included. Due to the generally low prevalence of PHPT in the Chinese population, the sample size of the present study was limited, especially for the genotype GG carried by only 27 patients. Moreover, numerous factors can affect kidney stone formation, e.g., diet, gastrointestinal disease, and citrate and oxalate concentrations in urine. We did not attempt to include these factors in our analysis, which may have impacted the results.
PHPT results most often from adenomas and somewhat less often from diffuse hyperplasia and, rarely, from parathyroid carcinomas. CASR can be expressed in both normal and malignant cells and may play an important role in the development of various benign and malignant tumors (33) . The activation of CASR has an inhibitory effect on the proliferation of parathyroid cells (34) . By contrast, inactivating mutations stimulate parathyroid hyperplasia. One possible mechanism whereby CASR could reduce the proliferation of parathyroid cells is through its effects on cyclin D1 (35) . Due to the downregulation of the expression of CASR in many parathyroid adenomas, its normal inhibitory function is abrogated, leading to detrimental events that promote the development of parathyroid tumors. Some studies have reported that CASR mRNA is less stable or that one of the CASR alleles on chromosome 3q is lost in parathyroid adenomas (36, 37) . A strong downregulation of the expression of CASR occurs in parathyroid carcinomas with a high proliferative index, a reduction that is even greater than that observed in adenoma and hyperplasia patients, which suggests that CASR probably plays a role in parathyroid cancers (38) . This study demonstrated that the incidences of hyperplasia and carcinomas were significantly higher in patients with the R allele (RRCRG genotype). This could suggest that the amino acid change might reduce the expression of CASR and make the patients with the RG and RR genotypes more likely to develop hyperplasia and carcinomas.
This study explored the association between CASR polymorphisms and pathology of PHPT. However, there are some limitations to the study design. First, no widespread data on the prevalence of PHPT in the general Chinese people were available. The only available data to use as a basis for statistical power calculations were those on the prevalence of PHPT in middle-aged and elderly Chinese males who live in Beijing; therefore, this was not calculated for the present study. Second, due to the study duration (October 1983-May 2009), techniques for the detection of vitamin D have changed and we were unable to determine vitamin D levels in the study. Third, because of the lower prevalence of PHPT in the Chinese population, the sample size of the study was limited. Further study with a larger sample size is needed to expand and confirm our results.
In conclusion, the R990G allele is the most frequent polymorphism in the Chinese population. People with the R allele are more likely to develop PHPT. PHPT patients with the GG genotype have higher serum total and ionized calcium levels and lower phosphate levels. Finally, the R990G genotypes might affect the susceptibility to osteoporosis and contribute to the variance in the observed pathology in Chinese PHPT patients.
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